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Abstract
The reactions 30Si + 170Er and 29Si + 170Er have been studied by the particle-γ coincidence method. The first chance
α-particle spectrum from the decay of the 200Pb compound nucleus at 80 MeV excitation energy has been obtained by using
a subtraction technique. The emission barrier distribution has been extracted from the first chance spectrum, using the second
derivative analysis, commonly employed in sub-barrier fusion studies. The comparison with earlier systematics demonstrates
that the α-particle emission barriers of the excited systems are lower than those observed in the inverse (capture) reactions on
ground state nuclei.
 2001 Elsevier Science B.V.
In past years, a large effort has been devoted to
the comparison of experimental evaporative particle
spectra, in particular, those of α-particles, to reference
calculations using the Statistical Model to describe the
decay from an equilibrated nuclear system [1]. Such
calculations are typically performed for the emission
from a hot system assumed to have the same size,
shape and surface diffuseness as the corresponding
cold nucleus. In such a model the particle decay
widths are determined by two major factors: the
E-mail address: cinausero@lnl.infn.it (M. Cinausero).
level density in the daughter nucleus ρ(Ex) and
the transmission coefficients Tl . The transmission
coefficients are generally calculated by considering
the potentials describing the inverse (the capture)
reaction on cold nuclei, with the assumption that
the emission barriers for cold and hot nuclei are
identical. It is found that, in most cases, the reference
calculations are not able to describe the experimental
data. In particular, deviations between experimental
and calculated spectra at low particle energies have
been taken as an indication of significant differences
in shape or size between hot and cold nuclei [2].
Consequently, the parameters of the calculations are
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often adjusted to simulate changes in shape and/or
deformation of the emitter [3].
After several years of work in this field, it has been
realized that a firm understanding of the differences
between hot and cold nuclei is difficult to obtain in
this way due to several facts. First, the region of the
spectrum at low particle energies is sensitive not only
to the first chance emission but also to the evapora-
tion during the later steps of the decay chain, where
the emitter is at lower excitation energy [4]. Further-
more, at the higher bombarding energies, the decay
of particle unstable intermediate-mass fragments may
also be contributing to the yield in this region of the
spectrum [5]. Secondly, the distribution of the partial
waves in the entrance channel is very important and
small cross sections at high angular momentum val-
ues might also influence the shape of the α-particle
spectra. Consequently, an understanding of the dif-
fuseness of the l-distribution and a correct estimate of
the fusion-fission competition is needed [6]. Finally,
the angular momentum carried away by the evaporated
particles is a crucial point when the α-particle emis-
sion is considered [7]. As a result, the progress ob-
tained so far in this field is strongly model dependent
and the difference between the barriers in cold and hot
rotating nuclei has still to be addressed in a full exper-
imental way.
It is shown in this Letter that the possibility exists
of deriving experimentally the emission barrier for the
hot compound nucleus, allowing a direct comparison
with the empirical barriers determined by earlier
systematics of α-induced reactions on cold nuclei [8].
New experiments have recently been performed
at the VIVITRON accelerator at IReS Strasbourg,
by studying charged particle-γ coincidences in the
30Si + 170Er reaction at the bombarding energy of
165 MeV and in the companion reaction 29Si+ 170Er
at 147 MeV. In both cases we focus on the evaporation
residue 191Hg formed by α5n emission in the former
and by α4n in the latter reaction.
The experimental set-up consisted of the EURO-
BALL IV γ -ray spectrometer (an high efficiency
array of Compton-suppressed Germanium detectors)
supplemented by DIAMANT, an array of CsI(Tl)
charged-particle detectors [9]. The target was a stack
of 2 foils, each 0.5 mg/cm2 thick, 97% enriched.
The 30Si + 170Er reaction populates the 200Pb
compound nucleus at an excitation energy of about
80 MeV, with the known limiting angular momen-
tum between fusion-evaporation and fusion-fission of
Jlim = 33h¯. The 29Si + 170Er reaction populates the
compound nucleus 199Pb at the excitation energy of
about 67 MeV with the same value of the limiting an-
gular momentum for the fusion-evaporation channel as
in the 30Si+ 170Er reaction. The α-particles emitted in
the 29Si+170Er reaction correspond, on average, to the
later steps of the 200Pb evaporative cascade, in which
α-particles are emitted after one or more neutrons. Ac-
cording to Statistical Model predictions, the emission
of an α-particle is characterized, on average, by the
dissipation of only 2h¯. This point is extremely impor-
tant, justifying some simplified assumptions on the an-
gular momentum dependence of the particle spectra
discussed in the following.
For both reactions, single EUROBALL IV events
as well as coincidences between γ -rays and charged
particles in the DIAMANT detectors were collected.
The detectors used in this work were calibrated with
standard γ -ray sources (EUROBALL) and with a
232U α-particle source (DIAMANT). Moreover, the
DIAMANT CsI(Tl) calibration has also been checked
by comparing the inclusive α-particle spectra from
previous data obtained in experiments with classical
silicon detector telescopes [10].
In the off-line analysis, coincidences between the
EUROBALL Ge detectors as well as with DIA-
MANT were used to build a γ –γ matrix gated by α
particles and γ –α correlation matrices. The relative
yields of 190Hg : 191Hg : 192Hg nuclei were found to be
11 : 100 : 35 (11 : 100 : 26) for the 30Si (29Si) induced
reaction. This is in good agreement with the Statis-
tical Model predictions 13 : 100 : 33 (9 : 100 : 26) from
CASCADE [11].
For the further analysis we consider the α-particle
spectra obtained in coincidence with the 390 keV
(17/2+ → 13/2+) transition in the 191Hg nucleus
[12]. The γ –γ matrix was used to verify that a negli-
gible contribution from other Hg residues was present
in the 390 keV peak. The α-particle spectra from dif-
ferent rings in the DIAMANT detectors were trans-
formed into the centre-of-mass system and compared.
The spectra taken at forward angles exhibit a slightly
harder slope, as in the case of incomplete fusion conta-
mination. This fact was already evidenced in previous
works [13,14]. Furthermore, the spectra at angles near
θ = 90◦ show evidence of a significant energy loss of
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Fig. 1. Experimental α-particle spectra obtained by summing the
backward DIAMANT detectors data (center-of-mass converted)
for the reactions 30Si + 170Er and 29Si + 170Er. DIFF indicates
the difference spectrum, which corresponds to the first chance
α-particles emitted in the decay of 200Pb compound nucleus.
the α-particles in the target. Consequently, only the
backward detectors were summed to build high sta-
tistics spectra for the two reactions.
Under the chosen experimental conditions the dif-
ference spectrum (DIFF, see Fig. 1) obtained by sub-
tracting the α spectrum measured in the 29Si-induced
reaction from that observed in the 30Si case should
represent the first-chance α-emission to a good ap-
proximation. The relative normalization of the spec-
tra was obtained from the γ -yields for 191Hg with
an estimated statistical uncertainty of 3%. It agrees
within 20% with the inclusive α-particle multiplicities
reported in Ref. [15] for the 19F+ 181Ta reaction.
The experimental spectra are compared in Fig. 2
with the CASCADE predictions relative to the total
and first chance α-particle emission from 200Pb. As
evidenced in previous works [13,14], the standard cal-
culations using the default transmission coefficients
derived from Optical Model systematics severely un-
derestimate the experimental α-particle yield at low
energy. A better overall description in terms of spec-
tral shape and total multiplicity is obtained by adjusted
CASCADE calculations in which a substantial lower-
ing of the emission barrier is introduced by increas-
ing (by a factor of 1.2) the Optical Model potential ra-
dius, as done in several past cases [3]. We note, how-
ever, that in the case of the adjusted calculations the
first chance emission yield is still not completely well
reproduced. The predicted ratio between first chance
Fig. 2. Comparison between the experimental α-particle spectrum,
(a) and (b), and DIFF spectrum, (c) and (d), for the reaction
30Si + 170Er and CASCADE predictions by using an excitation
energy independent level density parameter a = A/12 MeV−1. In
panels (a) and (c) Standard (dashed lines) and adjusted (solid lines)
calculations are reported. Adjusted calculations (solid lines) are
compared with single spin calculations (dotted lines) in panels (b)
and (d). For details see the text.
and total emission for the α-particles is about 1/4, to
be compared with the experimental value of 1/2. The
latter value is in good agreement with the estimate ob-
tained from the inclusive multiplicity measurements of
Ref. [15].
The shapes of the experimental spectra are also
reproduced fairly well by calculations in which a
single value of the angular momentum (J = 22h¯),
corresponding to the average value for the fusion-
evaporation channel, is employed. This confirms the
relative insensitivity of the calculated α-particle emis-
sion probability to angular momentum in this reac-
tion. In the latter type of CASCADE calculations, it
is also possible to obtain the energy spectra of the first
chance α-particles as a function of the angular mo-
mentum, J (which is J = 22 − Jfinh¯), dissipated
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Fig. 3. Comparison between the experimental DIFF spectrum and
CASCADE predictions as a function of the angular momentum
dissipated in the alpha emission (J = 0,4,8,12,16h¯ dashed lines;
J = 2,6,10,14h¯ solid lines). In the insert, the relative yield of the
J component is reported.
in the α-particle emission. As shown in Fig. 3, the cal-
culation suggests that the low energy part of the exper-
imental DIFF spectrum is essentially due to the J =
0–6h¯ components. The relative weight of the different
components is also shown in the inset of Fig. 3.
We have then explored the possibility to determine
experimentally the emission barrier from the DIFF
spectrum, by applying the “second derivative” analysis
proposed by Rowley, Satchler and Stelson [16]. This
analysis is commonly used to extract barrier distribu-
tions D(B) from near-barrier fusion cross sections. In
a similar manner, this technique can be also applied
to extract the emission barriers from the first chance
evaporation spectrum. This can be done after a correc-
tion for the level density and most easily when angu-
lar momentum effects in the evaporation are negligible
[17,18].
Level density values ρ(Ex) were extracted from the
CASCADE code for the average angular momentum
of 20h¯ in the daughter 196Hg nucleus. Those values
were fitted by an exponential function and this func-
tion, properly matched to the high-energy part of the
α-particle spectrum, was used to correct the exper-
imental DIFF spectrum. The ρ(Ex)-corrected DIFF
spectrum is shown in the upper panel of Fig. 4. For the
sake of comparison, the same correction was applied
to the predicted spectra from the CASCADE code. We
Fig. 4. The “second derivative” method to extract the fusion barriers.
In the upper panel the level density corrected experimental DIFF
spectrum is shown (points). CASCADE predicted first chance
spectra using standard (dashed line) and adjusted (solid line)
transmission coefficients are also reported. In the lower panel the
empirical emission barrier obtained by the second derivative method
are reported. Arrows are used to compare the average value of the
obtained experimental barrier distribution (E) with the predictions
from Ref. [8] for cold (A) and hot (B) nuclei. Lines refer to the
CASCADE calculations. For details see the text.
note that, as expected the experimental spectrum satu-
rates at high energy at a value around 1. In the case of
the calculated spectra the saturation value is slightly
higher, whereas the low energy part of the distribu-
tion is well reproduced. As demonstrated in Ref. [18],
in the hypothesis that angular momentum induced ef-
fects are negligible, the ρ(Ex)-corrected spectrum is
supposed to be proportional to σ () where  is the
α-particle energy and σ() is the inverse (capture)
cross section. Consequently, the second derivative of
the ρ(Ex)-corrected DIFF spectrum will provide di-
rectly the empirical barrier distributions experienced
by the α-particles during their emission.
Results of this procedure for α kinetic energies up
to 21 MeV are shown in the lower panel of Fig. 4.
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Table 1
Average values of the barrier for the evaporation of α-particles from the compound nucleus 200Pb at Ex = 80 MeV excitation energy and
〈J 〉 = 22h¯ mean angular momentum
Experimental value CASCADE Vaz & Alexander [8] Vaz & Alexander [8]
standard optical model fusion reaction hot nuclei
18.0 MeV 20.1 MeV 19.9 MeV 17.4 MeV
Also in this figure, the derived empirical barrier distri-
bution is compared with that extracted with the same
procedure from the CASCADE predicted spectra. The
average values of the distributions in Fig. 4 are re-
ported in Table 1, where they are compared with the
estimates from the pioneering work of L.C. Vaz and
J.M. Alexander [8]. In that work, experimental fusion
excitation functions for H and He have been analysed
by a one-dimensional barrier penetration model to ob-
tain empirical barrier heights. The systematics ob-
tained in this way is in good agreement with those
from theoretical nuclear potentials. This holds also in
the present work, providing a first verification of the
procedure applied here. The Vaz & Alexander estimate
for Z = 80 is indeed 19.9 MeV, which is close to the
value 20.1 MeV obtained here as the average barrier
value when the standard CASCADE Optical Model
transmission coefficients are used [20]. This value for
the cold nucleus is about 10% higher than the empir-
ical average barrier of 18 MeV, extracted from this
work for the hot nucleus.
The centroid and width of our evaporation barrier
distribution can be compared with those calculated for
the fusion of alpha particles on a ground-state 196Hg
nucleus [21]. The usual fusion barrier of 20 MeV is
obtained by using standard values for the diffuseness
and radius parameters, a = 0.6 fm and r0 = 1.06 fm,
giving a potential depth V0 =−187.8 MeV. However,
for a more diffuse surface of the compound nucleus,
retaining the same potential depth and radius, a lower-
ing of the barrier is obtained. The experimental barrier
of 18 MeV is obtained by increasing a to 0.8 fm. Thus,
such a lowering might be related to a more diffuse
surface of the compound nucleus at a higher temper-
ature. For a spherical nucleus (one barrier) the width
of the barrier distribution is simply the quantal tun-
nelling width [21] but this is increased if the system
is deformed. However, the spread of Coulomb barriers
is proportional to Z1Z2β2, where β2 is the deforma-
tion parameter, and the low charge of the alpha parti-
cle makes these effects relatively small even for large
deformations. For example, for a = 0.6 fm, the theo-
retical width of the fusion barrier distribution increases
only from around 2.7 MeV to 3.8 MeV even for a large
quadrupole deformation of β2 = 0.5, without any sig-
nificant shift of the centroid. Since, as suggested by
the CASCADE calculations, the emission width is de-
termined by several angular momentum components,
which may be weighted differently in evaporation than
in the fusion problem, it is difficult to draw any definite
conclusions on possible deformation effects from our
observed width, though the lowering of the centroid is
unlikely to be due to such effects.
In the earlier work of J.M. Alexander and his co-
workers, emission barriers in hot nuclei were extracted
from average channel energies and anisotropies of
α-particles, as discussed in Refs. [1,19]. From their
systematic study, the suggested value for α-emission
from an excited Pb nucleus is 17.4 MeV [22]. The
difference between the latter value and that found
for the fusion reaction on cold nuclei was taken as
a major indication for the presence of an extension
of the surface density profile or nuclear stratosphere
in hot nuclei [23]. The major criticisms raised of
this work in the past [4] were related to the fact
that the barriers were extracted by analysing total
α-particle spectra in which a non-negligible part of
the yield is certainly coming from decays in later
steps of the cascade when the nucleus is at lower
excitation energy. A qualitative verification of this
effect is easily obtained by comparing directly the low
energy portions of the distributions reported in Fig. 2.
It is clearly seen that the yield of low energy particles
is larger in the inclusive spectrum than in the DIFF
spectrum. From this point of view, the result presented
in this work is free from this particular criticism.
However, the value suggested in the past works of
the Alexander group is not far from the one extracted
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in the present experiment in which a completely
independent and more restrictive experimental method
is applied.
The result reported here demonstrates that it is
possible to derive emission barrier distributions for
hot systems by applying a second derivative method
similar to that proposed by Rowley, Satchler and
Stelson [16] to extract fusion barrier distributions.
In the case of the evaporation process, the major
experimental challenge in applying this technique is
related to the determination of the kinetic energy
distribution of the particles emitted in the first chance
decay. In this work this spectrum has been obtained by
using characteristic γ -ray transitions in residual nuclei
to select particular decay channels and performing a
subtraction procedure.
We note that possible angular momentum effects in
the evaporation can introduce an important constraint
to the application of this method, making the level den-
sity dependent correction more difficult. Angular mo-
mentum effects in α-emission become less important
in cases where the excitation energy is large with re-
spect to the rotational energy (the yrast line). There-
fore, the ideal cases for such studies are heavy nuclei
at high excitation energy. Finally, it should be noted
that it is difficult to draw any definite conclusions
on the origin of the barrier lowering in hot nuclear
systems, e.g., diffuseness, deformation, shape fluctua-
tions, from the results presented here. It would be cer-
tainly challenging in the future to define key reactions
in which the barrier distribution might be employed to
determine the physical origin of the barrier lowering.
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